To understand cosmic mass assembly in the Universe at early epochs, we primarily rely on measurements of stellar mass and star formation rate of distant galaxies. In this paper, we present stellar masses and star formation rates of six high-redshift (2.8 ≤ z ≤ 5.7) dusty, star-forming galaxies (DSFGs) that are strongly gravitationally lensed by foreground galaxies. These sources were first discovered by the South Pole Telescope (SPT) at millimeter wavelengths and all have spectroscopic redshifts and robust lens models derived from ALMA observations. We have conducted follow-up observations, obtaining multi-wavelength imaging data, using HST, Spitzer, Herschel and the Atacama Pathfinder EXperiment (APEX). We use the high-resolution HST/WFC3 images to disentangle the background source from the foreground lens in Spitzer/IRAC data. The detections and upper limits provide important constraints on the spectral energy distributions (SEDs) for these DSFGs, yielding stellar masses, IR luminosities, and star formation rates (SFRs). The SED fits of six SPT sources show that the intrinsic stellar masses span a range more than one order of magnitude with a median value ∼ 5 ×10 10 M ⊙ . The intrinsic IR luminosities range from 4×10 12 L ⊙ to 4×10 13 L ⊙ . They all have prodigious intrinsic star formation rates of 510 to 4800 M ⊙ yr −1 . Compared to the star-forming main sequence (MS), these six DSFGs have specific SFRs that all lie above the MS, including two galaxies that are a factor of 10 higher than the MS. Our results suggest that we are witnessing the ongoing strong starburst events which may be driven by major mergers.
INTRODUCTION
Studies of the Cosmic Infrared Background have shown that about half of the energy produced in cosmic history comes from distant dust-enshrouded star-forming galaxies (Dole et al. 2006) . Ever since the first extragalactic submillimeter-wavelength surveys (Smail et al. 1997; Hughes et al. 1998; Barger et al. 1998) were carried out with the Submillimeter Common User Bolometer Array (SCUBA; Holland et al. 1999 ) at 850µm, the existence of a population of high-redshift dusty starforming galaxies (DSFGs) has been established, expanding our understanding of galaxy formation and evolution. These massive galaxies (M * ∼ 10 11 M ⊙ ; Hainline et al. 2011; Micha lowski et al. 2012; Simpson et al. 2014) are extremely bright at submillimeter wavelengths but faint in the optical due to extinction and hence are also known as "submillimeter galaxies" (SMGs). Their spectral energy distributions (SEDs) are dominated by restframe far-infrared luminosities in excess of 10 12 L ⊙ (e.g., Coppin et al. 2008; Magnelli et al. 2012 ). These dusty luminous galaxies are producing stars at typically intense star formation rates of > 100 − 1000 M ⊙ yr −1 (e.g., Neri et al. 2003; Chapman et al. 2005) . The high SFRs can be explained by either large reservoirs of molecular gas or a boosted star formation efficiency induced by major mergers (Narayanan et al. 2009; Engel et al. 2010; Fu et al. 2013; Béthermin et al. 2015b; Dye et al. 2015) . The dominant mechanism is still a topic of debate.
Previous studies of their stellar masses and prodigious star formation rates have been limited to the most luminous systems due to the challenge of obtaining redshifts and detailed follow-up observations of these distant, dust-obscured objects. The South Pole Telescope (SPT; Carlstrom et al. 2011) , which surveyed 2500 deg 2 at 1.4, 2, and 3mm with high spatial resolution (FWHM ∼1.0 ′ ), has helped us overcome these difficulties by discovering ∼100 high redshift, strongly gravitationally lensed DSFGs (Vieira et al. 2010; Mocanu et al. 2013) . The lensing origin of the SPT DSFGs was confirmed by the Atacama Large Millimeter/submillimeter Array (ALMA) (Hezaveh et al. 2013; Vieira et al. 2013 ). The ALMA submillimeter imaging is used to model the lensing geometry yielding magnification factors up to 30 (Hezaveh et al. 2013; Spilker et al. in prep) . Strong gravitational lensing enables detailed analyses of these DSFGs but also complicates recovery of the properties of the sources because emission from the background DSFG is blended and confused with that from the foreground lensing galaxy. In the FIR/submillimeter regime, the background emission dominates, but in the rest-frame optical/near-IR where we probe the established stellar population, we must de-blend the background DSFG from the foreground lens.
The primary goal of this paper is to measure stellar masses and hence determine the specific SFRs (sSFRs), which are a critical diagnostic for understanding the nature of these galaxies. We develop and implement an image de-blending technique with which we can recover the stellar mass of the lensed DSFG. With the lens model, we are able to derive the intrinsic properties of the SPT DSFGs (e.g., stellar mass, luminosity, and star formation rate) and place these galaxies in the context of the evolution of the high-redshift galaxy population as a whole. We present six SPT DSFGs all of which have been systematically followed up with HST, Spitzer, APEX, and Herschel and have robust lens models derived from high resolution ALMA imaging. This paper is organized as follows. In Section 2, we present our multi-wavelength observations. Section 3 describes the de-blending technique and results for each source. In Section 4, we describe the lens model. In Section 5, we present the stellar masses and star formation rates derived from SED fitting. We discuss the SFR -M * relation and sSFRs in Section 6. A summary of the feasibility analysis of the de-blending technique and conclusions are presented in Section 7. Throughout this work, we use a standard cosmological model with H 0 = 70 km s −1 Mpc −1 , Ω M = 0.3, and Ω Λ = 0.7.
OBSERVATIONS
The six SPT DSFGs presented in this paper (Tables 1  and 2 ) are drawn from a parent sample of 50 SPT DSFGs with Spitzer imaging, and constitute the best cases among the subset (13 sources ) with HST data and lens models (Sec. 4) derived from ALMA imaging. Fig. 1 shows the HST, Spitzer, and ALMA data for the six sources.
2.1. Spitzer/IRAC A total of 50 SPT DSFGs were followed up by two Spitzer Space Telescope programs (PID 60194 and PID 80221; PI Vieira) and a joint Spitzer/HST program (PID 10094; PI Vieira) using the Infrared Array Camera (IRAC; Fazio et al. 2004) . For the Spitzer programs, images were taken at 3.6µm and 4.5µm with 36 or 32 (dither pattern) × 100 second (frame time) exposures and 12 (dither pattern) ×30 (frame time) exposures, respectively. For the joint program, we took the 100s frames in both bands with 36/72/108 dither positions. We summarize the data for each source in Table 1 . The basic calibrated data, pre-processed using the standard pipeline by the Spitzer Science Center, were resampled and combined into a mosaic image utilizing the MOPEX software package (Makovoz & Marleau 2005) and IRACproc (Schuster et al. 2006) . The IRAC mosaics have a resampled pixel scale of 0.6 ′′ /pixel and an angular resolution of ∼ 1.7
′′ . The IRAC data are the primary probes of the stellar component of the background DSFGs. However, due to the close proximity of the foreground lensing galaxy, emission from the lensed DSFG is mixed with that of the foreground lens and needs to be de-blended. The de-blending technique, which will be described in Sec.3, is a critical component of this project, making extracting fluxes from extremely distant sub-millimeter sources possible.
HST/WFC3-IR
A sample of 18 SPT sources were observed with the Wide Field Camera 3 (WFC3) on board the Hubble Space Telescope under program 12659 (PI: Vieira). Each target was assigned one complete orbit split between F110W and F160W filters in the infrared channel. Another six sources were followed up in the joint Spitzer/HST program (PID 13614; PI: Vieira) at F140W with one orbit assigned per source. Dithering was implemented for maximum resolution. The data were reduced using the standard HST pipeline. The pixel size of the WFC3 images is 0.128 ′′ . Detailed information on the WFC3 data products can be found in the WFC3 instrument handbook (Dressel & et al. 2015) .
ALMA imaging
The gravitationally lensed origin for the SPT sources was confirmed by ALMA under a Cycle 0 program (2011.0.00958.S; PI: D. Marrone). We imaged 47 SPT sources with ALMA at 870µm with the dual-polarization Band 7 (275-373 GHz) receivers in both compact and extended array configurations, reaching ∼ 0.5 ′′ resolution. We refer the reader to Hezaveh et al. (2013) for details of the ALMA observations. The visibilities from each configuration were concatenated and imaged using uniform weighting to emphasize resolved structure. The combined ALMA images are used in this project to indicate position and structure of the DSFGs. The SPT sources were imaged at 870µm with the Large APEX BOlometer CAmera (LABOCA) at APEX under the program M-085. F-0008 (2010, PI:Weiss) . LABOCA is a 295-element bolometer array (Siringo et al. 2009 ) with an 11.4
′ field-of-view and an angular resolution of 19.7 ′′ (FWHM). The central frequency of LABOCA is 345GHz (870µm) with a passband FWHM of ∼ 60GHz. Observations were carried out under good weather conditions (typical PWV of 0.9mm ranging between 0.3 and 1.5mm). The data reduction was performed in the same manner as in Greve et al. (2012) . The SPIRE (Griffin et al. 2010 ) data were obtained in the programs OT 1 jvieira 4 and OT 2 jvieira 5, and were observed simultaneously at 250µm, 350µm and 500µm. The maps were produced using the standard reduction pipeline HIPE v9.0. The fluxes were extracted by fitting a Gaussian to the source and reading out the maximum value. The fluxes have been corrected for pixelization as described in the SPIRE Observers' Manual (Valtchanov & et al. 2014) .
Herschel/PACS
The PACS (Griffin et al. 2010 ) data at 100µm and 160µm were obtained in the programs OT 1 jvieira 4, OT 1 dmarrone 1 and OT 2 jvieira 5. Each PACS map has been co-added, weighted by coverage. We performed aperture photometry with the aperture sizes fixed to 7 ′′ for the 100µm map and 10 ′′ for the 160µm map. Details of the FIR data observations, reduction, and photometry will be given in Strandet et al. (in preparation + . The details of the spectral line observations and the redshift distribution of dusty star-forming galaxies by SPT can be found in Weiß et al. (2013) . We present in Table 2 the redshifts for the sources analyzed in this paper.
DE-BLENDING TECHNIQUE
3.1. Modeling the lenses in HST To construct models of the surface brightness profiles for each lensing galaxy, we perform profile fitting using GALFIT (Peng et al. 2010) , which can simultaneously fit profiles to multiple galaxies.
We start with a single Sérsic profile (Sérsic 1963) and then add other components to generate better models as needed. We create the models using F110W filter images when available, as F110W contains less emission from the background DSFG than F160W and therefore enables better modeling of the foreground lens.
Here we present the modeling results for the six systems in our DSFG sample. SPT0538-50, which has been modeled in Bothwell et al. (2013) , serves as a test case for our analysis. For the non-detections, we place upper limits on the flux densities to constrain the SED of the background source. To derive photometric upper limits, we performed random aperture photometry on the background using a radius for each source that encloses the 3σ ALMA contours. The detections and 3σ upper limits are presented in Table 3 .
3.1.1. SPT0538-50 Aravena et al. (2013) . We use the lensing magnification factors in Spilker et al. (in preparation) . The lens parameters (e.g., Sérsic index, effective radius) derived from F110W or F140W images using GALFIT are held fixed during the de-blending process. We list the parameters for each component: the Sérsic profile, the ExpDisk (i.e., exponential disk), and the PSF point source component.
a Magnitudes (AB) measured in the F110W filter. b Magnitudes (AB) measured in the F140W filter.
We first simultaneously fit the central lensing galaxy and 9 neighboring objects with a single Sérsic profile for each of them as a first pass. The resultant best-fit model for the central lens has a Sérsic index (i.e., the shape parameter controlling the central concentration of the profile) of n = 8.8 and large residuals with significant positive and negative counts left over in the center. We improve the fit by using a three-component model for the central lensing galaxy, consisting of a Sérsic profile, plus an exponential disk, plus a point source (SEP). A Sérsic bulge and an exponential disk are insufficient and the point source is needed to minimize the residuals. The SEP model yields reasonable residuals with n = 3.2. We present the fitting result of the SEP model in Fig. 2 . The top panels of Fig. 2 show the original WFC3 image (top left), the best-fit model by GALFIT (top middle), and the residuals leftover after subtracting the best-fit model from the original image (top right). We see no excess emission associated with the structure indicated by the ALMA contours, suggesting the fluxes extracted from the WFC3 F110W image are only from the foreground lensing galaxy. Adding additional components does not substantially improve the fit, and is not physically motivated. We therefore continue the de-blending process with the three-component SEP model. Note that in Bothwell et al. (2013) the lensing galaxy was modeled using a co-add between the F110W and F160W bands while we use the bluest band throughout the paper.
SPT0103-45
The source is best fit with a Sérsic model (n = 1.9) and a point source. The obvious "arc"-like structure ( Fig. 3 top left) is not the lensing arc associated with the background DSFG, which is indicated by the ALMA contours. We treat that as two elongated Sérsic-profile galaxies that are subtracted off from the original image. The top middle panel shows the best-fit model by GAL-FIT and the overall residuals after the subtraction are shown in the top right panel.
SPT0346-52
SPT0346-52 has the highest redshift (z = 5.7) among all the sources in this work. We fit four galaxies in the field with a single Sérsic profile (n = 2.3 for the lensing galaxy) by GALFIT, shown in Fig.4 (top panels), yielding a clean residual. Given its high redshift, it is not surprising that SPT0346-52 is undetected in the F110W band. We note that the arcs are well-separated from the central lens with a diameter of 2.2 ′′ , allowing a decoupling of the background and foreground emission in IRAC.
SPT2134-50
We simultaneously fit the lensing galaxy and 4 neighbors in the field ( Fig.5 top panels). A point source was added to the central lens in addition to the Sérsic profile (n = 1.9). We see no trace of the emission suggested by the sub-millimeter ALMA contours in the residual image (top right). Note that the lensing structure indicated by the ALMA contours is marginally resolved with a separation of 1.3 ′′ in diameter, smaller than the separations in SPT0538-50 of 1.8
′′ at a similar redshift and SPT0103-45 of 2 ′′ at even higher redshift.
SPT2146-55
SPT2146-55 can be fit with a Sérsic (n = 3.1) plus an exponential disk in the F140W image. There is excess emission left over in the residual image, matching the ALMA contours. We find a detection of the background DSFG in this system at F140W with a flux density of (1.5 ± 0.4) × 10 −3 mJy. A simple Sérsic model also reveals the background source, albeit with worse central residuals.
SPT2147-50
The lensing galaxy of SPT2147-50 is fit with a threecomponent SEP model of which the Sérsic index is n = 2.7. There is no residual associated with the ALMA contours.
3.2. De-blending the source/lens in IRAC With the modeling of the lenses in the high-resolution HST images, we are able to disentangle the DSFG emission from the foreground emission in IRAC bands. The first attempt to disentangle the contributions from the foreground lens and the background source in lowresolution Spitzer/IRAC images of strongly lensed DSFGs was made by Hopwood et al. (2011) . Similar de-blending techniques with additional refinements were implemented in subsequent works (e.g., Bothwell et al. 2013; Negrello et al. 2014) .
We utilize the code Python Galaxy Fitter (PyGFit; Mancone et al. 2013 ) which is designed to measure PSF(point-spread function)-matched photometry from images with disparate pixel scales and PSF sizes. It takes models generated from a higher resolution image, HST in this case, and fits blended sources in crowded, low resolution images (i.e., Spitzer/IRAC). It should be noted that we make the assumption that the shape of the light profile of foreground galaxies remains the same from WFC3 1.1µm to IRAC 3.6µm, and 4.5µm, i.e. morphological k-corrections are negligible. Before fitting the IRAC images by performing a χ 2 minimization, the HST models are convolved with the IRAC PSF, which is empirically extracted by stacking at least five bright and isolated stars in the field. The quality of the IRAC PSF is critical to de-blending to avoid artifacts introduced by the PSF. We test the quality of the IRAC PSF by randomly selecting stars in the same field and fitting them with the same PSF used in de-blending. We examine the star-subtracted residuals to assure the PSF is acceptable. A few examples of such fit and subtraction are shown in Fig. 8 . The residual flux from these stars is less than 1% of the original flux in all cases.
We optimize the fitting by masking out the region where the DSFG emission is expected based upon the ALMA data, thereby fitting only the foreground lens. During the χ 2 minimization only the positions and fluxes of the objects are left as free parameters. All other Sérsic parameters (effective radius, Sérsic index, aspect ratio, and position angle) are held fixed. The positions are re- stricted to small shifts (typically less than a pixel). We examine the residuals to see if there is excess emission associated with the ALMA contours.
SPT0538-50
The middle row and bottom row in Fig. 2 show the deconvolution process just described at 3.6µm and 4.5µm adopting the SEP model. The best-fit IRAC model (Middle), constructed by convolving the HST/WFC3 model with the IRAC PSF, is removed from the original 3.6µm/4.5µm image (Left) to produce the residual image on the right. The Einstein ring is clearly recovered in both IRAC bands, closely matching the ALMA contours in green. We perform aperture photometry on the IRAC residual images, using an annular aperture large enough to enclose the 3σ ALMA contour without including too much sky flux. The resultant sky-subtracted flux densities (Table 3) at 3.6µm and 4.5µm are S 3.6 = 26.2 ± 6.7µJy and S 4.5 = 53.7 ± 7.0µJy. We note that these are consistent with the values of S 3.6 = 22 ± 5µJy and S 4.5 = 47 ± 8µJy derived by Bothwell et al. (2013) . The uncertainties include the photometric uncertainties as well as the uncertainty associated with the de-blending process where the residual fluxes can vary due to a different set of PyGFit input parameters. We find that the maximum allowed positional shift during the χ 2 fitting dominates the uncertainties in the resultant residual structures, and therefore the residual fluxes particularly for simultaneous fitting of the source consisting of multicomponents. The above best-fit model is determined by χ 2 minimization. We apply the ∆χ 2 technique to determine the 1σ error by varying the input positions in PyGFit. We change the allowed maximum positional shift during fitting from 0 to 0.6 ′′ (1 pixel) until χ 2 increases by 2.3.
SPT0103-45
We apply the analogous de-blending technique to SPT0103-45 and it is detected in both bands, with excess emission coincident with the ALMA contours. We put an annular aperture on the residual images, extracting the flux densities at two bands of S 3.6 = 5.1 ± 1.3µJy and S 4.5 = 12.8 ± 1.4µJy. The errors are determined in the similar way.
SPT0346-52
The middle row and bottom row in Fig. 4 show the results of the de-convolution process for SPT0346-52 in IRAC bands. The 3.6µm and 4.5µm images are subtracted clean. SPT0346-52 is a non-detection in IRAC with 3 hour exposure at 4.5 µm even with the help of strong gravitational lensing. Formally we measure the flux to be 0.5 ± 0.8 µJy at 3.6µm and 0.3 ± 1.2 µJy at 4.5µm. We use the non-detections in both IRAC bands to put upper limits on the fluxes from SPT0346-52 based on the sky flux distribution (random aperture) in the residual maps. We place a 3.6µm band 3σ upper limit of 2.4 µJy and a 4.5µm band 3σ upper limit of 3.6 µJy .
SPT2134-50
Examining the IRAC residual maps (Fig. 5) of SPT2134-50, we find the excess emission coincident with the ALMA contours. However, due to the small separation of the lensing arcs, imperfections in the HST model could also contribute to the residual in IRAC given the relatively large IRAC PSF. In this case, we failed to extract robust fluxes from the residual because the separation was not large enough (∼ 1.7 ′′ in diameter) to avoid confusion. We instead extracted the fluxes as 3σ upper limits of < 20.0 µJy at 3.6µm and < 32.9 µJy at 4.5µm, providing a loose constraint on the stellar mass.
SPT2146-55
With the detection in HST F140W, we expected to detect SPT2146-55 in the IRAC bands. However, the 1 hour IRAC data do not provide clear detections, given that the residuals do not match the ALMA contours and are not clearly related to the background source. The measured fluxes are 0.5 ± 1.4 µJy at 3.6µm and 0.4 ± 2.3 µJy at 4.5µm. We instead adopt 3σ upper limits Figure 2 estimated from the background sky using a ring aperture: < 5.2 µJy at 3.6 µm and < 6.9 µJy at 4.5 µm.
SPT2147-50
After the de-blending process for SPT2147-50, there are three blobs coincident with the ALMA contours. We use separate apertures corresponding to the separate ALMA contours to extract fluxes instead of an annular aperture to avoid the over-subtracted regions. We obtain flux densities of 2.0 ± 0.6 µJy at 3.6 µm and 3.5 ± 0.4 µJy at 4.5 µm.
LENS MODELS
The lens modeling technique, based on our Cycle 0 ALMA Band 7 imaging, is described by Hezaveh et al. (2013) . In this paper, six gravitationally lensed SPT sources, including SPT0538-50 and SPT0346-52, are discussed in detail. To summarize, the modeling is performed in the visibility plane to properly compare with data as the ALMA interferometer samples the Fourier transform of the sky brightness distribution across a 2-D spatial frequencies instead of directly imaging the emission. The source is modeled as a symmetric Gaussian or a Sérsic light profile while the lens is assumed to be a Singular Isothermal Ellipsoid (SIE). Minimizing χ 2 between data and model visibilities determines the best-fit. The lensing magnification factor, µ, is defined as the ratio of the total lensed to unlensed flux. The lens models allow us to derive intrinsic properties of the lensed galaxies by simply dividing the observed properties by µ. We present the resultant magnifications for the sources discussed in this work in Table 2 . We adopt the latest magnification factors for all the six sources derived in the same fashion in Spilker et al. (in preparation) . When deriving stellar masses and SFRs, we correct for the lensing magnifications and propagate the corresponding errors. We consider the issue of differential magnification in Section 6.2. < 5.8 × 10 −4 < 3.8 × 10 −4 < 0.0022 < 0.0012 HST/WFC3 1.4µm
SED FITTING
(1.5 ± 0.4) × 10 −3 < 7.3 × 10 −4 HST/WFC3 1.6µm < 0.0026 < 9.1 × 10 −4 < 0.0033 < 0.0016 Spitzer/IRAC 3.6µm 0.0051 ± 0.0013 < 0.0024 0.0262 ± 0.0053 < 0.0200 < 0.0052 0.0020 ± 0.0006 Spitzer/IRAC 4.5µm 0.0128 ± 0.0014 < 0.0036 0.0537 ± 0.0070 < 0.0329 < 0.0069 0.0035 ± 0.0004 Herschel/PACS100µm < 13 < 6 31 ± 2 49 ± 3 < 8 9 ± 2 Herschel/PACS160µm
< 47 33 ± 9 141 ± 15 196 ± 22 < 29 < 28 Herschel/SPIRE 250µm 133 ± 14 122 ± 11 326 ± 23 350 ± 25 65 ± 13 72 ± 9 Herschel/SPIRE 350µm 213 ± 16 181 ± 14 396 ± 38 332 ± 23 69 ± 13 115 ± 10 Herschel/SPIRE 500µm 232 ± 17 204 ± 15 325 ± 24 269 ± 19 83 ± 10 121 ± 11 APEX/LABOCA 870µm 125 ± 6 131 ± 8 125 ± 7 101 ± 7 55 ± 4 61 ± 5 SPT 1.4mm 39.1 ± 7.0 46.0 ± 6.8 28 ± 4.6 22.8 ± 4.6 17.8 ± 3.9 20.3 ± 4.6 SPT 2.0mm 8.8 ± 1.4 11.6 ± 1.3 8.5 ± 1.4 6.0 ± 1.3 5.2 ± 1.3 5.8 ± 1.3
Note. -All the HST and IRAC photometry is derived in this work. The quoted uncertainties include photometric uncertainties plus uncertainties due to the de-blending process. For the non-detections, the flux density upper limits are given at 3σ. The FIR photometry is from Strandet et al. in prep except SPT0538-50 for which we use the photometry by Bothwell et al. (2013) . To derive properties of these dusty star-forming galaxies such as stellar mass, infrared luminosity (L IR from 8-1000 µm), and SFR, we utilize the code CIGALE (Burgarella et al. 2005; Noll et al. 2009) 17 to fit our photometric data from near-IR to far-IR. For the fitting, the code generates FUV to FIR SEDs consisting of dust-attenuated complex stellar population models, IR dust emission models, and spectral line templates. It allows self-consistent treatment of the stellar component, sampled by our NIR data and the re-emitted dust component, sampled by the FIR data. We adopt the Maraston (2005; M05) stellar population synthesis model, a Kroupa (2001) initial mass function (IMF), and a solar metallicity as our baseline.
Star formation histories
One-or two-component star formation history (SFH) models with exponentially increasing or decreasing SFR or continuous constant SFR are possible to define the star formation history in CIGALE. Commonly assumed star formation histories in the literature are: (1) a single stellar population with an exponentially decreasing SFR (τ model; e.g., Ilbert et al. 2009 Ilbert et al. , 2010 Ilbert et al. , 2013 Muzzin et al. 2013) , (2) 
Single-component SFH model
The most commonly used SFH model is the exponential or τ -model with the simple form of SFR ∝ e −t/τ . This model naturally arises in scenarios where the SFR is directly proportional to the gas density in a closedbox model (Schmidt 1959) . There are two parameters, the e-folding time τ and age which we consider as free parameters. If τ >> age, the τ -model transforms to a single burst star formation history with a constant rate. This simple model is widely adopted in the literature, facilitating comparison with previous work (e.g., Karim et al. 2011; Heinis et al. 2014; Béthermin et al. 2015b ).
Two-component SFH model
We also investigate the two-component SFH model because real systems are expected to experience multiple episodes of star formation (Papovich et al. 2001; Lee et al. 2009 ).
Moreover, the double SFHs are likely to better reproduce the true stellar mass (Micha lowski et al. 2014 ). The two stellar population components are connected by the burst strength/fraction f ysp (i.e., the mass fraction of young stellar population in the model). We first treat the ages of both the young and old stellar populations and the burst fraction as well as Av as free parameters. The derived instantaneous SFRs and stellar masses are poorly constrained. These two parameters, the age of the young stellar population and the burst fraction, are the dominant ones that drive the resultant stellar mass. The dependence of derived stellar mass and SFR on varying ages and burst fractions is investigated. We show the case of SPT0538-50 as a demonstration in Figure 9 . The other SPT DSFGs exhibit similar trends. We allow the age of the young stellar population to vary from 10 to 100 Myr in steps of 10 Myr (commonly adopted starburst lengths ∼10-100 Myr, e.g., Micha lowski et al. 2010; Murphy et al. 2011; Kennicutt 1998) . We permit the burst fraction to vary from 0 to 1, noting that burst fractions of < 0.1 are ruled out at high confidence. We generate a grid of models of different input f ysp and t ysp . The resulting SEDs are equally well fit in terms of matching the IRAC and FIR data points and being consistent with the HST upper limits. As a result, the stellar mass increases by ∼0.8 dex with an increasing age from 10 to 100 Myr. It is also subject to the burst fraction at a fixed age: M * drops by ∼ 0.8 dex from f ysp = 0.1 to 1. The instantaneous SFR is much less dependent on f ysp than it is on t ysp . This suggests that we do not have enough leverage to constrain these key parameters and the stellar mass heavily depends on the assumptions made for the two parameters.
We demonstrate in the SFR -M * plane (Fig. 10) that SFRs modeled by the single-component SFH are better constrained than those modeled by the double-SFH. We adopt the simplest single-component SFH model hereafter since we do not have enough data to constrain a more complex SFH. We present the SED fitting results in the next section with the τ -model adopted.
SED fitting results: Stellar mass and SFR
We run CIGALE, with the input parameters listed in Table 4 , to find the best-fit SED and inferred stellar mass, IR luminosity, and instantaneous star formation rate. Expectation values and standard deviations for the output galaxy properties are derived from the probability distribution function of the parameter-bin-specific bestfit models. Fig. 11 shows the individual best-fit SEDs for the six SPT DSFGs in the observed frame. We also obtain an intrinsic (i.e., magnification corrected) average SPT SED (in black in Fig. 12 ) by taking the median value of the six best-fit SEDs at each rest-frame wavelength. We report stellar masses, infrared luminosities, SFRs and associated uncertainties in Table 5 . The FIR part of the SED is well constrained, thus the IR luminosity has little dependence on varying input parameters. The optical/UV part is less constrained, therefore the derived stellar mass depends strongly on the input parameters. The dust extinction is a free parameter in the fitting and we find a significant attenuation by dust (A V ∼ 4 − 5) is required to match the IRAC photometry and the FIR data points, which is consistent with other SMGs (e.g., Negrello et al. 2010; Hopwood et al. 2011; Hainline et al. 2011; Micha lowski et al. 2010) . The derived ages are all much smaller than the corresponding e-folding times suggesting that the star formation history essentially can be described by a single extended burst star formation. The best-fit burst ages are 20 -80 Myr. However, we note that there can exist older stellar populations that are hidden by the bright young population (Maraston et al. 2010; Buat et al. 2014) .
Our stellar mass estimates for the six SPT DSFGs span more than an order of magnitude, with a median value around 5 × 10 10 M ⊙ , for those detected. The median stellar mass is lower than the median values of a wellstudied SMG sample (Chapman et al. 2005) found by Micha lowski et al. (2010; 3.5 × 10 11 M ⊙ ) and the recent ALESS sample by da Cunha et al. (2015; 8.9×10 10 M ⊙ ). These two studies perform multi-band SED fitting from rest-frame UV to FIR as we do. However, these two samples are biased towards higher stellar masses while ours are biased towards lensing configuration.
All of the SPT DSFGs present prodigious star formation at rates > 500 M ⊙ yr −1 . SPT0346-52 stands out as having a SFR of ∼4800 M ⊙ yr −1 only ∼ 1 billion years after the Big Bang, among the highest SFRs at any epoch. Given that the L IR is the best measured quantity and is widely used as an SFR indicator, we also calculate the SFRs using L IR conversion recipes of Murphy et al. (2011) and Kennicutt (1998) with the common IMF of Kroupa and continuous bursts of age 10-100 Myr. When converting SFR from Salpeter IMF to Kroupa IMF, we divide the conversion coefficient by 1.53. Both estimates are presented in Table 5 . All of the SFRs derived by CIGALE SED fitting are consistent with those by the conversion recipes.
Systematics
A scatter of ∼ 0.3 dex around the correct value is an intrinsic uncertainty in determining stellar masses from broad-band photometry through SED fitting (Micha lowski et al. 2014 ). For our SPT DSFGs, we have checked that stellar masses derived using the Bruzual & Charlot (2003; BC03) models are at most 0.1 dex higher than masses derived using the M05 models 18 . A twocomponent SFH on average yields stellar masses ∼ 0.15 dex higher than a single-component SFH. These systematic uncertainties are subdominant compared to the statistical uncertainties (∼ 0.4 dex) for our data. Our uncertainties are dominated by the limited number of photometric data points at optical/near-IR wavelengths.
DISCUSSION: SFR-M * RELATION -A COMPARISON WITH STAR-FORMING MAIN SEQUENCE
6.1. SFR-M * relation Galaxy surveys at low and high redshifts have shown that star-forming galaxies form a power-law relation between their star formation rate and stellar mass, known 18 The SED fitting in this work is mainly based on CIGALE FORTRAN where BC03 model is not included. BC03 model is recently available in the CIGALE python version at http://cigale.lam.fr/pcigale/index pcigale.html. We use this new version in testing the discrepancy caused by choice of synthesis models. Figure 10 . Top: SFR-M * relation of SPT DSFGs derived from CIGALE SED fitting using the single component SFH. The error bars are derived from the probability distribution function by CIGALE. The dashed line shows the main sequence of star-forming galaxies at z = 2 (Daddi et al. 2007) , the dotted line is the relation at z = 3 from Magdis et al. (2010) , and the dash-dotted line shows the relation at z =4 at lower stellar masses by Bouwens et al. (2012) . The median SF R − M * relation of Chapman et al. (2005) as the "main sequence" (MS) of star-forming galaxies.
The six SPT DSFGs presented in this paper all show intense star formation spanning a redshift range from z = 2.8 to z = 5.7. We compare our results ( Fig. 10 ) with previous determinations of the SF R − M * relations of Daddi et al. (2007) at z = 2 and Magdis et al. (2010) at z = 3 to investigate whether SPT DSFGs lie on top of the main-sequence or are extreme outliers. At z = 2, Daddi et al. (2007) derived the relation based on a sample of massive galaxies selected with K < 22 from GOODS and 24µm observations, which is widely used as the fiducial main sequence at z ∼ 2. Magdis et al. (2010) based their study on LBGs with IRAC observations, and found an increasing SFR at a given mass from z = 2 to z = 3. All the stellar masses and SFRs are calibrated to a Chabrier IMF (similar to Kroupa) and derived using the BC03 models. We do not correct our SMGs for the small differences between BC03 and M05 in the figure. SPT0538-50, SPT0103-45, and SPT2134-50 at z ∼ 3 lie above the z = 3 main sequence by factors of 3, 10, and at least 3, respectively. In contrast, the extensively studied Chapman et al. (2005) SMGs at z = 2-3, even though known to have widely varying stellar masses depending upon different assumed star formation histories, suggest that most SMGs represent the high-mass extension of the main-sequence of star-forming galaxies at z ≥ 2 (Micha lowski et al. 2012 ). Here we show the results assuming the M05 models for direct comparison with our SMGs. Comparing the median values of the two samples, SPT SMGs have a factor of ∼ 2 higher SFRs and a factor of ∼ 2 lower stellar masses than those of the Chapman05 SMGs. This discrepancy still holds in the case of a double-SFH model (Fig. 10) . This is suggestive of heterogeneity between SMG populations or two star formation modes: more quiescently star-forming SMGs and starburst SMGs (more discussion later in this section). We also show the individual SMGs from the ALESS sample (da Cunha et al. 2015) which is not a uniform population: a significant fraction of the SMGs lie above the MS while some are consistent with being at the high-mass end of the MS.
Specific SFRs
The specific SFR (SF R/M * ), which can be interpreted as the inverse of the characteristic timescale for star formation to build the galaxy, is now recognized as a key parameter linked with the evolutionary status of these galaxies. Another way to explore the SF R − M * relation is to look at sSFR as a function of redshift. The sSFRs for the six sources are presented along with stellar mass and SFR estimates in Table 5 . We note that sSFRs are independent of lensing magnifications as long as differential magnification is not a concern.
We compare our results with literature on the sSF R-− z relations ( Fig. 13; see Heinis et al. 2014 and references therein) . We show the results of Karim et al. (2011) , which span a wide stellar mass range at 0 < z < 3, and measurements from Heinis et al. (2014) , which extend from z = 1.5 to 4. These studies establish an upper boundary on the sSFR-z relations of normal starforming galaxies in the literature. The dashed line is a fitting formula of the main-sequence sample of starforming galaxies up to z = 4 in the COSMOS field by Béthermin et al. (2015a) . The relations from these studies enable us to make a fair comparison given that we make the same assumptions for IMF, SFH, and dust attenuation law in deriving the stellar masses, except that they adopt the BC03 model while we use M05. We stress that this has negligible effect on our conclusions.
Following Heinis et al. (2014) , we demonstrate the extrapolation of the results of Bouwens et al. (2012) and Stark et al. (2013) from z = 4 to 7 at the relevant stellar mass bins by assuming that a power-law relation holds between SFR and M * at z > 4 but with a variation in the slope between 0.7 and 1. We have seen the anti-correlation between sSFR and M * for the starforming samples. SPT0103-45 and SPT2147-50 have significantly higher sSFRs, more than a factor of 10 above the MS, satisfying the criterion for strong starbursts of ≥ 10 sSFR MS defined in Béthermin et al. (2015a) . They significantly deviate from the main-sequence star formation mode. SPT0538-50 lies about a factor of 4 above the MS and SPT2146-55 has a sSFR about 4 times higher with the lower limit reaching the MS. For SPT0346-52 and SPT2134-50, we only have lower limits that already exclude MS SFRs. The mean sSFR for the four detections lies above the MS at ∼ 5σ confidence level. SPT SMGs, on average, have sSFRs ∼ 4 times higher than those of ALESS SMGs (da Cunha et al. 2015) although a significant fraction of them are high-sSFR outliers. These galaxies are not a uniform population.
Hydrodynamical simulations with dust radiative transfer calculations (e.g., Hayward et al. 2012 ) have suggested the 'bimodality' of the SMG population: a mix of quiescently star-forming and starburst galaxies. The quiescent SMGs are star-forming disks blended into one submillimeter source at early stages of a merger whereas at late stages (near coalescence) tidal torques drive gas inflows and trigger strong starbursts. We are likely witnessing the ongoing strong starburst events.
So far we have been applying the same lensing magnification factors derived from ALMA (i.e., dust emission) to stellar emission. However, the effect of differential lensing between different wavelength regimes can be prominent in galaxy-galaxy lensing due to spatial variations within the background galaxy. Simulations have predicted this effect in galaxy-galaxy SMG systems (Hezaveh et al. 2012 ; Serjeant 2012) but we do not have the capability to measure it for our sample. Calanog et al. (2014) , which presents the NIR-derived lens models of Herschel-selected galaxies, tests for differential lensing between the stellar and dust components. They find that the dust magnification factor measured at 880 µm is ∼ 1.5 times on average higher than the near-IR magnification factor. Dye et al. (2015) and Rybak et al. (2015) find a similar differential magnification factor, based on the analysis of the ALMA high resolution imaging of SDP.81. Assuming our SPT DSFGs have similar differential lensing effect, the resultant sSFRs would decrease by ∼1/3 which are within the error bars.
Models predict that the SPT selection should identify a diverse set of sources. However, Béthermin et al. (2015b) predicts that 90% of SPT lensed sources are classified as main sequence galaxies. Even though the sample used for this study is small, the presence of extreme starbursts is thus surprising. One contributing factor may be the magnifications of the sources included in this subsample. Four of our sources have µ < 7, while the average µ of the full SPT sample predicted by Béthermin et al. (2012) is ∼15. Béthermin et al. (2012) predict that sources with 4 < µ < 7 on average lie a factor of 4.5 above the main sequence, compared to a factor of 1.7 for sources with µ > 20.
SUMMARY AND CONCLUSIONS
We have determined stellar masses and star formation rates for six strongly lensed DSFGs using ALMA, HST, and Spitzer follow-up observations. The sources are drawn from the SPT DSFG program.
We develop a de-blending technique to extract emission of the background DSFG when blended with that from the foreground lensing galaxy in Spitzer/IRAC imaging. HST WFC3 images are used to model the light profiles of the lenses which are subtracted in IRAC to produce the residual map overlaid with ALMA submillimeter imaging, indicating the position and structure of the gravitationally lensed DSFG. We demonstrate that in a gravitational lensing system like SPT0538-50, where the background DSFG is strongly magnified and distorted by a massive lensing halo to well separate lensing arcs as seen by ALMA, a full Einstein ring structure is recovered in the residual map in both IRAC bands. Sufficient angular separation is critical in terms of successfully disentangling the mixed emissions from the lens and source. This is best illustrated in SPT2134-50. In this case, there exists flux coincident with the ALMA contours, but we are unable to exclude the possibility that this signal is simply residual emission associated with the foreground lens. A minimum separation, comparable to the FWHM of the PSF, is required to conduct the de-blending and extract robust fluxes.
Based on the multi-wavelength photometry, we have performed SED fitting with CIGALE. This fitting includes stellar synthesis models as well as dust emission templates (i.e., taking the full spectral energy distribution into consideration) to derive stellar masses, total IR luminosities, and instantaneous star formation rates. The best-fit model is based on a single extended burst SFH. The derived stellar masses span a wide range with a median value of ∼ 5 × 10 10 M ⊙ . The instantaneous SFRs range from 510 to 4800 M ⊙ yr −1 . Use of a twocomponent SFH generally leads to higher stellar masses, higher SFRs but similar sSFRs, and our qualitative results are robust to choice of SFHs.
We investigated the SF R − M * relation and evolution of specific SFR with redshift. Compared to sSFR -z relations of normal star-forming galaxies in the literature, the six SPT DSFGs all lie above the MS. Two of them are ∼ 10 times above the star-forming mainsequence. SPT0346-52 converts the gas into stars at a rate of ∼ 4800 M ⊙ yr −1 only 1 Gyr after the Big Bang, a SFR that is among the highest at any epoch. Our results suggest that we may be witnessing strong starburst events. One possible explanation for such extreme starbursts is gas-rich major mergers (e.g., Tacconi et al. 2006; Narayanan et al. 2009; Engel et al. 2010; Dye et al. 2015) in which tidal torque compresses gas reservoir leading to a concentrated starburst. High resolution kinematical and morphological observations are needed to test the merger scenario.
Future work involves determining dynamical mass from CO line width and gas mass from CO luminosity together with dust mass estimates to provide a more comprehensive interpretation of this unique population (Spilker et al. and Strandet et al. in preparation) . As noted by others (Micha lowski et al. 2012 (Micha lowski et al. , 2014 , deriving stellar masses for young, dusty DSFGs is an exercise fraught with challenge.
For high redshift sources, the lack of rest-frame NIR bands further limits the achievable fidelity. Observations with JWST offer the potential for dramatic improvement due to the two-fold advantage of improved spatial resolution and greater wavelength coverage extending into the mid-infrared. In the MIR, which probes rest-frame Ks for distant SMGs, the foreground lens fades while the SMG brightens. The improved spatial resolution compared to Spitzer greatly simplifies separation of source and lens fluxes, even for compact lensing configuration. Moreover, the required integration times will be short. For instance all the sources are expected to be detected within 1 minute integration time at S/N ≥ 10 at rest-frame Ks band. 
